Autophagy is a catabolic pathway that sequesters undesired cellular material into autophagosomes for delivery to lysosomes for degradation. A key step in the pathway is the covalent conjugation of the ubiquitin-related protein Atg8 to phosphatidylethanolamine (Atg8-PE) in autophagic membranes by a complex consisting of Atg16 and the Atg12-Atg5 conjugate. Atg8 controls the expansion of autophagic precursor membranes, but the underlying mechanism remains unclear. Here, we reconstitute Atg8 conjugation on giant unilamellar vesicles and supported lipid bilayers. We found that Atg8-PE associates with Atg12-Atg5-Atg16 into a membrane scaffold. By contrast, scaffold formation is counteracted by the mitochondrial cargo adaptor Atg32 through competition with Atg12-Atg5 for Atg8 binding. Atg4, previously known to recycle Atg8 from membranes, disassembles the scaffold. Importantly, mutants of Atg12 and Atg16 deficient in scaffold formation in vitro impair autophagy in vivo. This suggests that autophagic scaffolds are critical for phagophore biogenesis and thus autophagy.
INTRODUCTION
Autophagy is a highly conserved catabolic pathway to recycle cytoplasmic material (Xie and Klionsky, 2007) . Because of its central role in cellular homeostasis, autophagy protects against neurodegenerative diseases, infections with intracellular pathogens, and cancer (Mizushima et al., 2008) . Macroautophagy, here referred to as autophagy, is induced upon starvation and mediates bulk degradation of cytoplasmic components (Yang and Klionsky, 2010) . Cargo sequestration into the double-membrane-surrounded autophagosome occurs by expansion of a cup-shaped precursor membrane (Nakatogawa et al., 2009) , termed phagophore. A key reaction in autophagy involves the conjugation of the ubiquitin-like protein Atg8 to the lipid phosphatidylethanolamine (PE) in autophagic membranes . Interestingly, Atg8-PE levels on the phagophore correlate with the size of autophagosomes, implying that Atg8 is directly involved in phagophore expansion Xie et al., 2008) .
The conjugation of Atg8 to PE is catalyzed by two interconnected ubiquitin-like conjugation systems (Hanada et al., 2007; Ichimura et al., 2000) . Atg8 is activated by Atg7 and transferred to Atg3. Atg12, another ubiquitin-like protein, is constitutively conjugated to Atg5 by a sequential reaction involving Atg7 and Atg10 (Mizushima et al., 1998) . The Atg12-Atg5 conjugate possesses ligase-like activity by facilitating Atg8 conjugation to autophagic membranes (Hanada et al., 2007) . On the other hand, in vivo, Atg12-Atg5 forms a constitutive complex with the dimeric coiled-coil protein Atg16, which is essential for autophagosome biogenesis but dispensable for the enzymatic activity of Atg12-Atg5 (Hanada et al., 2007; Mizushima et al., 1999) . Atg16 dimerizes Atg12-Atg5, and the resulting complex possesses an enhanced affinity to negatively charged lipids and tethers membranes in vitro (Romanov et al., 2012) .
Interestingly, Atg12-Atg5-Atg16 localizes exclusively to the convex face of the cup-shaped phagophore and is released shortly before or after autophagosome completion (Mizushima et al., 2001; 2003) , whereas Atg8 can be found on both faces (Kirisako et al., 1999) . The Atg8 pool on the concave face of the phagophore functions as cargo adaptor by binding Atg8-interacting motif (AIM)-containing proteins (Kondo-Okamoto et al., 2012; Yorimitsu and Klionsky, 2005) and is delivered together with cargo to the vacuole to be degraded (Huang et al., 2000) . However, most Atg8-PE resides on the convex face of the phagophore (Xie et al., 2008) and is recycled by Atg4-mediated proteolytic cleavage from PE upon autophagosome completion . The function of this convex Atg8 pool is not well understood, but in vitro reconstitution of Atg8 conjugation on large unilamellar vesicles (LUVs) suggested that Atg8 is a membrane-tethering factor (Nakatogawa et al., 2007) .
Here, we reconstituted Atg8 lipidation on artificial membranes using fluorescently labeled, purified proteins. We found that Atg12-Atg5 has two independent functions. First, it facilitates lipidation of Atg8 owing to its well-known ligase-like activity. After conjugation, however, Atg8-PE directly recruits Atg12-Atg5 to membranes by recognizing a noncanonical AIM in Atg12. Moreover, Atg16 drives the ordered assembly of a membrane scaffold by crosslinking Atg8-PE/Atg12-Atg5 complexes into a two-dimensional meshwork. Cargo receptors counteract scaffold formation by competing with Atg12-Atg5 for Atg8-PE binding, explaining why Atg8-PE can function as a rigid membrane scaffold element and a flexible cargo adaptor at the same time. Atg4 recycles the autophagic scaffold, releasing its components from the membrane.
RESULTS

Atg12-Atg5 Is Retained on Membranes after Atg8 Conjugation
We applied a minimally invasive labeling strategy using fluorescent dyes, conjugated to engineered Cys residues in recombinantly expressed Atg8DR117 (hereafter Atg8), Atg5, and Atg16, to monitor Atg8 conjugation to giant unilamellar vesicles (GUVs) containing physiologically relevant PE levels (20 mol%; Ejsing et al., 2009 ). Atg8 was efficiently recruited to GUV membranes in the presence of the Atg8-conjugation machinery. However, inconsistent with a mere enzymatic activity, both labeled Atg12-Atg5 ( Figure 1A ) and labeled Atg16 (Figure S1A available online) were highly enriched on Atg8-positive GUVs. Similarly, labeled Atg12-Atg5 localized together with labeled Atg16 to GUVs in the presence of unlabeled Atg8 ( Figure S1B ), demonstrating that the integrity of Atg12-Atg5-Atg16 was maintained on membranes. Analyzing Atg8 species on GUV membranes by mass spectrometry confirmed that Atg8 was covalently conjugated to lipids ( Figure 1B) .
To reveal whether retention of Atg12-Atg5-Atg16 on GUVs is a cause or consequence of Atg8-lipidation, we investigated the spatiotemporal recruitment of Atg12-Atg5-Atg16 and Atg8 to GUVs. First, weak membrane localization of Atg12-Atg5-Atg16, predominantly associating into small clusters, on GUVs was observed ( Figure 1C ). However, this apparently low amount Atg8 (1mM) was incubated with GUVs in the presence of Atg7, Atg3 (both 0.5 mM), Atg12-Atg5-Atg16 (0.25 mM), and ATP/Mg 2+ (0.5 mM) for 30 min.
(A) The schematic drawing illustrates the experimental outline. Colors indicate labeled components corresponding to the used fluorescent dye. Components in gray are not labeled but are present in the reaction mix. Atg12-Atg5 localizes together with Atg8 to GUV membranes. Arrowhead indicates membrane deformation. Scale bar, 10 mm.
(B) Electrospray ionization mass spectrometry spectra of GUV membranes. Atg8 (13,642 Da) was conjugated to POPE (14,324 Da) and POPS (14,367 Da).
No unconjugated Atg8 or Atg3-Atg8 conjugates were detected. (C) Kymograph showing spatiotemporal recruitment of Atg8 and Atg12-Atg5-Atg16 to a GUV. Sparse Atg12-Atg5-Atg16 clusters facilitate efficient Atg8 recruitment, which precedes secondary Atg12-Atg5-Atg16 recruitment until saturation occurred. Kymographs were taken at the equatorial z slice of GUVs as shown in the image on the left. The arrowhead indicates start and direction and the dashed line the analyzed area of the GUV. The dashed line in the kymograph marks the time point, which corresponds to the GUV image. Scale bars, 5 mm.
(D) Average fluorescence intensity of Atg8 and Atg12-Atg5-Atg16 on a single GUV as shown in (C) is plotted against time (average of nine GUVs from n = 3 independent conjugation reactions are shown; error bars represent SD). See also Figure S1 and Movie S1.
catalyzed efficient Atg8 lipidation ( Figures 1C and 1D ). Consistent with this observation, Atg12-Atg5-Atg16 inefficiently and transiently localized to GUV membranes in the absence of Atg8 ( Figure S1C) . Surprisingly, the majority of Atg12-Atg5-Atg16 was recruited to GUVs in a second phase after Atg8 conjugation reached saturation ( Figure 1D ). Sustained membrane localization of Atg12-Atg5-Atg16 is thus the consequence of Atg8 lipidation. A similar spatiotemporal recruitment was seen for Atg12-Atg5 (Movie S1).
In vivo, Atg12-Atg5-Atg16 has been found to be essential for Atg8 conjugation to the phagophore (Mizushima et al., 2003) . In agreement with this observation, we found that Atg12-Atg5 is essential for Atg8 conjugation to GUVs ( Figure S1D ).
Atg8-PE Recognizes Conserved Residues in Atg12
The observation that most of Atg12-Atg5 is recruited to membranes after Atg8 lipidation reached saturation suggested that Atg8-PE directly interacts with Atg12-Atg5. ) are positioned such that their Ca atoms match the critical distance of 9.8 Å , which separates the conserved residues WxxL in canonical AIMs ( Figure S2A ). To test whether these two residues structurally mimic an AIM and are recognized by Atg8-PE, we recombinantly expressed Atg12 F185A -Atg5 and Atg12 I111A -Atg5. Although the mutations did not influence the expression and stability of the mutant conjugates, they showed reduced enzymatic activity resulting in limited (Atg12 I111A ) or no (Atg12 F185A ) recruitment of Atg8 to membranes ( Figure S2B ). We next expressed Atg12 F185A and Atg12 I111A in yeast cells to investigate how autophagy is being affected. Atg8 lipidation and autophagic flux, as determined by the GFP-Atg8 processing assay, was mildly impaired in Atg12 I111A -expressing cells, which is consistent with the residual affinity of Atg12 I111A -Atg5 to Atg8-PE. In cells expressing Atg12 F185A , however, Atg8-lipidation and autophagic flux were strongly diminished ( Figure S2C ). In order to compensate for the reduced enzymatic activity of Atg12 mutants, we took advantage of the Atg8 variant K26P, which locks Atg8 in its closed conformation . We found that Atg8 K26P is 10-fold more efficiently conjugated to GUVs than Atg8
WT (Figures S2D and S2E Figure 2B ) compared to that of Atg8
WT by Atg12-Atg5 WT -Atg16 ( Figure 1D ) but proceeded conjugation was observed ( Figure 2B ). Our data indicate that the enzymatic activity of Atg12-Atg5 and its Atg8-mediated recruitment correspond to two independent and temporally distinct functions. To uncouple both functions experimentally, we chemically tethered GFP-Atg8 G116C to malei- Figure 2D ), indicating that autophagosome biosynthesis or fusion with the vacuole is impaired. We thus observed the formation of GFP-Atg8 K26P puncta in ATG12
F185A
and ATG12 I111A cells over time as an indicator for autophagosome biogenesis at the phagophore assembly site (PAS). Surprisingly, the lifetime of GFP-Atg8 K26P puncta was 1.6-fold reduced in ATG12 I111A (6 ± 2 min) and 2.4-fold reduced in ATG12 F185A (4 ± 1 min) cells compared to GFP-Atg8 K26P puncta in ATG12 cells (10 ± 2 min). Nevertheless, compared to ATG12 cells, we observed 1.4-± 0.3-fold brighter GFP-Atg8 K26P puncta in ATG12 F185A and 1.2-± 0.3-fold brighter puncta in ATG12 I111A -expressing cells, suggesting that more GFP-Atg8 K26P accumulated at the PAS ( Figure 2E ; Movie S2). Thus, although autophagic cargo is not being delivered to the vacuole in ATG12 F185A cells, apparently larger but short-lived autophagic precursor membranes are generated at the PAS, indicating that phagophore expansion and cargo capturing are impaired.
Atg16 Immobilizes Atg8 on GUVs
Our observation that Atg8-PE directly recruits Atg12-Atg5 in vitro agrees well with previous studies showing that both conjugates localize to autophagic membranes until completion of autophagosomes Mizushima et al., 2001 Mizushima et al., , 2003 . To gain insight into the potential function of such complexes, we compared Atg8 lipidation by Atg12-Atg5 in the presence and absence of Atg16. Unexpectedly, pronounced deformations of GUV membranes were observed in Atg12-Atg5-Atg16-mediated conjugation reactions (Figure 3A) . The extent of these deformations correlated with the protein concentration in the reaction mix ( Figure S3A ), suggesting that membrane-crowding effects might induce such deformations (Stachowiak et al., 2012) . However, extensive deformations were not observed in the absence of Atg16, suggesting that Atg16 might be involved in stabilizing membrane shapes ( Figure S3A ).
To reveal whether Atg16 also impacts the distribution of Atg8-PE/Atg12-Atg5 complexes on GUVs, we restricted POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) levels to 1 mol% and found Atg8 to cluster into large, continuous domains ( Figure 3B ; Movie S3). We next assessed clustering phenomena on GUVs containing physiologically relevant PE levels (20 mol%; Ejsing et al., 2009 ) by analyzing the mobility of membrane-associated Atg8 and Atg12-Atg5-Atg16 with fluorescence recovery after photobleaching (FRAP). Labeled Atg8 and Atg12-Atg5-Atg16 did not recover fluorescence after bleaching, although the membrane dye lissamine-rhodamine-PE showed unrestricted recovery (Figures 3C and 3D ; Movie S4).
To determine the specific contribution of single components to Atg8 immobilization independently of the enzymatic activity of Atg12-Atg5, we chemically tethered GFP-Atg8 is responsible for Atg8 immobilization, we examined recovery of chemically tethered GFP-ubiquitin G76C in the presence of Atg12-Atg5-Atg16 and found recovery to be unimpaired (t 1/2 = 0.7 s, IF = 19%; Figures 3E and S3B) . Furthermore, Atg12-Atg5-Atg16 was not efficiently recruited to membranes in the absence of Atg8 G116C or the presence of Ub G76C ( Figure S3C ). Thus, our FRAP data show that Atg16 efficiently immobilizes Atg8-PE/Atg12-Atg5 complexes on membranes.
Branched Atg16 Crosslinkers Are Required for Atg8 Immobilization
We next analyzed whether Atg16 also immobilizes Atg8 that has been enzymatically conjugated to PE by Atg12-Atg5. Atg8-PE recovered in the absence of Atg16 (t 1/2 = 7.2 s, IF = 3%) with kinetics similar to those observed in respective FRAP experiments with chemically tethered GFP-Atg8 G116C . Moreover, the presence of Atg16 also abolished recovery of Atg8-PE almost entirely (t 1/2 = 8.5 s, IF = 82%), confirming that Atg16 is required to immobilize Atg8 on membranes ( Figures 4A and S4A ). Atg16 dimerizes Atg12-Atg5 in vitro and in vivo through its coiled-coil domain Kuma et al., 2002) . We next investigated whether Atg12-Atg5-Atg16 forms higher oligomeric assemblies on membranes in order to immobilize Atg8-PE. Therefore, we produced fluorescent-labeled Atg12 I111A -At- S4B ). We also confirmed that Atg8-PE retained its mobility on membranes ( Figures 4C, 4D, and S4B) . 
Next, we mixed labeled Atg12
Mut -Atg5 Alexa488 -Atg16 and unlabeled Atg12
WT -Atg5-Atg16 (we refer to these complexes as homotypic complexes as they contain either Atg12 WT or Atg12 Mut ) and conjugated Atg8 with this mixture to GUVs. Strikingly, Atg12
Mut -Atg5 Alexa488 fluorescence was detected on GUVs ( Figures 4B and S4C) , suggesting that homotypic wildtype complexes recruit homotypic mutant complexes to membranes in an Atg16-dependent manner. Although higher oligomeric assemblies of Atg12-Atg5-Atg16 apparently formed, Atg8-PE was not efficiently immobilized ( Figures 4C, 4D , and S4C), suggesting that homotypic mutant complexes inhibit Atg8-PE immobilization.
To investigate whether this inhibition can be relieved by providing an Atg8-binding site in Atg12
Mut -Atg5-Atg16, we generated complexes by randomly dimerizing a mixture of Atg12
Mut -
Atg5
Alexa488 and Atg12 WT -Atg5 with Atg16. We refer to the resulting complexes as heterotypic complexes as the majority of them contain one copy of Atg12 Mut and one of Atg12 WT . As expected, heterotypic complexes conjugated Atg8 efficiently to GUVs and fluorescence of Atg12
Mut -Atg5 Alexa488 was detected on membranes ( Figures 4B and S4D ). Moreover, fluorescence of Atg8-PE did not recover ( Figures 4C, 4D , S4D, and S4E). Thus, our data suggest that oligomeric assemblies of Atg12-Atg5-Atg16 on membranes promote Atg8-PE immobilization.
The Coiled-Coil Domain of Atg16 Crosslinks Atg12-Atg5 Molecules To reveal how Atg16 drives oligomerization of the Atg12-Atg5-Atg16 complexes on membranes, we took advantage of the previously solved crystal structure of Atg16 . A stretch of exposed hydrophobic residues in Atg16 (Ile  104 , Ile   108   ,  and Val   112 ) has previously been found to be required for the cytoplasm to vacuole targeting (Cvt) pathway . However, these residues also stabilized a crystal contact between two antiparallel Atg16 dimers ( Figure S5 ). We thus tested the triple-mutant Atg16 I104D, I108D, V112D (Atg16 Asp for short) for its ability to immobilize Atg8 ( Figure 5A ). Although Atg16
Asp was still capable of dimerizing Atg12-Atg5 complexes in solution, it was strongly impaired in immobilizing Atg8-PE/Atg12-Atg5 complexes, resulting in recovery characteristics (t 1/2 = 11.5 s, IF = 37%) similar to those of Atg8-PE/Atg12-Atg5 complexes in the absence of Atg16 ( Figure 5B ). Thus, our data imply that the antiparallel arrangement of two Atg16-dimers is required for Atg8 immobilization.
To investigate how impaired Atg8 immobilization affects autophagy, we complemented yeast atg16D cells with either ATG16 or ATG16
Asp . We found Atg8-lipidation to be unimpaired in Atg16 Asp cells, confirming our in vitro observation that Atg12-
Atg5-Atg16
Asp fully retained its enzymatic activity. However, autophagic flux, as determined by GFP-Atg8 processing, was strongly reduced ( Figure 5C ). To test whether the maturation of phagophores is impaired in ATG16 Asp cells, we quantified the lifetime of and GFP-Atg8 accumulation at the PAS. In ATG16 cells, both GFP-Atg8 levels at the PAS and lifetime were comparable to that of wild-type-cells. Yet, in ATG16 Asp cells, GFP-Atg8 puncta accumulated three times more GFP fluorescence and their lifespan was 1.8-fold increased ( Figure 5D ). Furthermore, a larger number of GFP-Atg8 puncta per cell was observed ( puncta was also found to be increased in ATG12 Mut cells, whereas autophagic flux was impaired ( Figure 2E ), we reasoned that immobilization of Atg8 and sequestration of autophagic cargo are functionally linked.
Atg8-PE Assembles with Atg12-Atg5-Atg16 into a Two-Dimensional Meshwork So far, our results showed that Atg16 crosslinks Atg8-PE/Atg12-Atg5 complexes into a macroscopically immobile protein layer on membranes. To investigate how Atg16 organizes Atg8-PE/ Atg12-Atg5 complexes on a nanoscopic scale, we used combined atomic force (AFM) and fluorescence microscopy of supported lipid bilayers (SLBs). Surprisingly, Atg8 was conjugated to SLBs with higher efficiency than to GUVs. We therefore reduced the protein concentrations to subphysiological levels. However, the catalytic activity of Atg12-Atg5 or Atg12-Atg5-Atg16 was still essential for Atg8 conjugation to occur. Consistent with our observations on GUVs, Atg8 fluorescence was homogeneously distributed on SLBs and recovered after bleaching in the absence of Atg16 ( Figure S6A ), but not if Atg16 was present ( Figure S6B ). We next visualized the bleached area by AFM in tapping mode to minimize distortions of the protein topology by the cantilever tip. In all samples, a small number of bigger protein aggregates, 100 nm in diameter and >20 nm in height, were observed (bright spots in Figure 6 ). In the absence of Atg16, however, we also detected a large number of smaller particles. These particles were highly mobile (stripes in Figure 6A ), preventing us from determining their dimensions. By utilizing SLBs deposited on plasma-cleaned glass instead of silanized mica, we were able to reduce the mobility of such particles drastically. Careful analysis and cross-sectioning of the recorded height images revealed the particles to be 50 ± 10 nm in diameter and 6 ± 1 nm in height ( Figure S6C ). However, Atg8 is only 3 nm in diameter (estimated from PDB entry 3VXW) and Atg12-Atg5 is 6 3 4 nm in size (estimated from PDB entry 3W1S), which excludes the possibility that the particles represent single Atg8-PE conjugates or an Atg8-PE/ Atg12-Atg5 complex. Taking the measured dimensions and the experimental uncertainty into account, we reasoned that the particles consist of at least two but not more than four Atg8-PE/Atg12-Atg5 complexes. More importantly, the high degree of homogeneity of the particles demonstrates that Atg8-PE/Atg12-Atg5 complexes associate into well-defined oligomeric supercomplexes on SLBs.
We next analyzed how the presence of Atg16 impacts on the appearance and distribution of Atg8-PE/Atg12-Atg5 particles by conjugating Atg8 to SLBs in the presence of Atg12-Atg5-Atg16. Remarkably, we did not detect single Atg8-PE/Atg12-Atg5 particles in these samples. Instead, a continuous layer of proteins, organized into a meshwork-like structure, was observed ( Figure 6B ). Thus, Atg16 not only immobilizes Atg8-PE/Atg12-Atg5 particles on membranes but also structures them into a two-dimensional protein layer ( Figure 6C) . Moreover, the total accessible membrane area was significantly reduced in the presence of Atg16 (histogram in Figures S6C and S6D ). Yet, scarce membrane areas were entirely devoid of protein but sharply delimited by the continuous protein layer (height image and cross-section in Figure S6D ), indicating that Atg16 synergistically reorganizes Atg8-PE/Atg12-Atg5 particles. The observed protein layer was 8 ± 2 nm in height, demonstrating that Atg16 intercalates between Atg8-PE/Atg12-Atg5 particles (6 ± 1 nm in height) to organize them into a flat, two-dimensional meshwork. A characteristic feature of this meshwork was an apparent edge length of 17 ± 4 nm, which might represent tetrameric Atg16 coiled-coil domains ( Figure S5) . Moreover, the continuous protein layer was observed from small scale (0.5 3 0.5 mm) to large scale (4 3 4 mm; Figure S6E ), demonstrating that Atg16-mediated immobilization of Atg8-PE/Atg12-Atg5 particles, macroscopically detectable by FRAP, is caused by the formation of a structured membrane scaffold on the nanoscopic scale. and (E) were calculated from SDs of three independent experiments. (F) Fluorescence (left) and DIC (right) images of strains as indicated (starved for 2 hr). GFP-Atg8-fluorescence images show z projections (sum of intensities) of z stacks. Scale bars, 2 mm. See also Figure S5 and Movie S5.
Cargo Counteracts Scaffold Formation
The well-characterized function of Atg8 as cargo adaptor depends on an AIM-based interaction with cargo receptors. Because we found that the interaction of Atg8 and Atg12-Atg5 is mediated by a noncanonical AIM in Atg12, cargo recognition and scaffold formation might be mutually exclusive. To investigate how these two presumably spatially segregated functions of Atg8-PE are coordinated, we incubated Atg8-conjugated GUVs with labeled AIM-containing proteins (Kondo-Okamoto et al., 2012; Noda et al., 2010; Yamaguchi et al., 2010) and analyzed the mobility of labeled Atg8 and Atg12-Atg5-Atg16 by FRAP (Figure 7) . In control experiments, where buffer was added instead of proteins, fluorescence of labeled Atg8, Atg16, and Atg12-Atg5 did not recover ( Figure 7A ). As expected, added Atg32 was strongly recruited to GUVs ( Figure 7B ). After photobleaching, however, the fluorescence of Atg32 and Atg8 gradually diffused from the nonbleached area to the bleached area. Furthermore, the fluorescence of both proteins colocalized to a large extent, arguing that Atg32 and Atg8-PE associate into mobile complexes on the membrane. On the other hand, Atg32 appeared to replace Atg12-Atg5-Atg16 from its interaction with Atg8-PE, because no colocalization of Atg8-PE and Atg12-Atg5-Atg16 was observed in the bleached area. Instead, the fluorescence of Atg12-Atg5-Atg16 did not recover, indicating that the retained Atg12-Atg5-Atg16-pool in the nonbleached region was engaged in a discontinuous but immobile membrane scaffold, preventing it from diffusing into the bleached area (Movie S6). In contrast, Atg3, which interacts with both Atg12-Atg5 and Atg8 independently (Romanov et al., 2012; Yamaguchi et al., 2010) , induced recovery of fluorescence of both scaffold components ( Figure 7C ). The fluorescence of Atg3 and Atg8 colocalized to a large extent, confirming that Atg8 directly binds Atg3. However, a significantly smaller mobile pool of Atg12-Atg5-Atg16 was observed to diffuse from the nonbleached area to the bleached area. This pool appeared to diffuse much slower but comigrated with both Atg3 and Atg8, suggesting that Atg12-Atg5 possesses independent and nonoverlapping interaction sites for Atg3 and Atg8.
In conclusion, AIM-containing proteins compete with Atg12-Atg5 for Atg8-PE interaction, allowing Atg8-PE to be a stiff scaffold component and a flexible cargo adaptor at the same time. These two functions appear to be mutually exclusive, explaining their spatial segregation to the convex and concave face of the phagophore.
Atg4 Recycles the Membrane Scaffold
Our data showed that Atg8-PE assembles with Atg12-Atg5-Atg16 into an immobile membrane scaffold. Because both conjugates colocalize only at the convex face of the phagophore, such a scaffold would be restricted to this face as well. On the other hand, this Atg8-PE pool is known to be recycled by Atg4, which proteolytically cleaves Atg8 from PE upon autophagosome completion Xie et al., 2008) . We thus investigated whether Atg4 is able to access and recycle Atg8-PE that forms part of the membrane scaffold. We therefore analyzed the spatiotemporal recruitment of labeled Atg4 to Atg8-positive GUVs. The Atg4 fluorescence peaked 2 min after labeled Atg4 approached the imaged GUV by diffusion. Afterward, the fluorescence signal of Atg8 and Atg4 decreased. Taking labeling efficiency and significant bleaching of Atg8 Pacific blue fluorescence (2.7% ± 0.6% normalized fluorescence intensity units [nFI] per minute) into account, Atg8 fluorescence decayed by 4.0% ± 1.6% nFI/min and that of Atg4 by 4.3% ± 1.9% nFI/ min, arguing that Atg4 cleaves Atg8-PE, after which both proteins dissociate from the membrane ( Figure 7D ). In addition, we found Atg8 recycling to be more efficient on GUVs with lower Atg8 densities ( Figure S7 ), implying that scaffold formation and recycling are competitive processes. We next analyzed the spatiotemporal recovery after photobleaching of labeled Atg8, Atg12-Atg5-Atg16, and Atg4. We found that Atg8 fluorescence recovered quickly, whereas recovery of the fluorescence linked to Atg12-Atg5-Atg16 was delayed ( Figure 7E ; Movie S7). Interestingly, larger, less mobile Atg12-Atg5-containing domains and more homogeneously distributed Atg8 patches were observed. The finding that Atg8-PE exhibits distinct localization with the processing enzyme Atg4 compared to Atg12-Atg5-Atg16 suggests that Atg4 first disrupts the membrane scaffold before it cleaves Atg8-PE.
DISCUSSION
The most puzzling questions regarding Atg12-Atg5 function are (1) Why is Atg12-Atg5 retained on autophagic membranes during phagophore expansion?; and (2) What is the function of its constitutive interaction partner Atg16, which is dispensable for the enzymatic activity of Atg12-Atg5? Our data provide a consistent explanation for these questions and can be summarized as follows. After catalyzing the conjugation of Atg8 to PE, Atg12-Atg5 is recruited by Atg8-PE. This direct interaction is required for a sustained localization of Atg12-Atg5 with membranes and involves a noncanonical AIM in Atg12. Atg8-PE/Atg12-Atg5 complexes form homogeneous oligomers, comprising two to four subunits. Atg16 reorganizes Atg8-PE/Atg12-Atg5 oligomers to form a continuous, flat protein layer with meshworklike architecture on membranes. The mutant variants Atg12
F185A
and Atg16 Asp , which are impaired in stabilizing the membrane scaffold in vitro, cause the formation of nonproductive autophagic membranes in vivo. AIM-containing proteins competitively displace Atg12-Atg5 from Atg8-PE and Atg4 recycles the continuous protein mesh by cleaving Atg8 from the membrane.
The most interesting insight of our study is that Atg8-PE, Atg12-Atg5, and Atg16 constitute a self-organizing system with the capacity to form a continuous protein mesh on membranes. The membrane scaffold is flexible enough to form on membranes with diverse shapes but at the cost of reduced structural order. Phagophores with a plastic scaffold on their convex face would, on the other hand, be able to capture cytoplasmic cargo with various sizes and shapes due to the flexible orientation of the scaffold components relative to each other.
Our data suggest that antiparallel arranged Atg16-coiled coil domains build the edges of the proposed autophagic scaffold. Several lines of evidences support our model: (1) the Atg16 Asp mutant, designed to destabilize the antiparallel Atg16 tetramer, is deficient in immobilizing Atg8-PE; (2) Atg12-Atg5-Atg16
WT recruits Atg12-Atg5-Atg16
Mut complexes to membranes in an Atg16-dependent manner; and (3) the observed mesh-like structure of the autophagic scaffold has an apparent edge length, which corresponds to the length of tetrameric Atg16. Similar vertex-to-vertex distances are also observed in canonical membrane coats (Musacchio et al., 1999; Stagg et al., 2006) . However, canonical membrane coats evolved to collect cargo molecules and package them into transport vesicles. This requires cargo binding and coat assembly to be interdependent and spatiotemporally coordinated, which is achieved by direct interactions of cargo-adaptor and coat components. Given that Atg12-Atg5-Atg16 localizes to the convex face of the phagophore, but Atg8-PE dependent cargo selection is restricted to the concave face, cargo binding and scaffold assembly appear to be spatially uncoupled. Our data indicate that this uncoupling is achieved by competitive binding of either cargo receptors or Atg12-Atg5-Atg16 to Atg8-PE. Furthermore, we found that not only bona-fide cargo receptors such as Atg32 but also other AIM-containing proteins, including Atg3, compete with Atg12-Atg5 for Atg8 interaction. This is consistent with the observation that the colocalization of Atg1-kinase and Atg8 at the phagophore (Suzuki et al., 2013 ) depends on an AIM-based interaction between both proteins . Thus, a fraction of Atg8-PE might be sequestered from the scaffold by interacting with AIM-containing Atg proteins, which is supported by the observation that the relative amount of GFP-Atg8 at the phagophore exceeds that of Atg16-GFP . Moreover, a similar mode of competition appears to drive the recycling reaction of the autophagic membrane scaffold. Consistent with this observation, an AIM-based interaction has been observed in the crystal complex structure of the human homologs Atg4B and LC3 (Satoo et al., 2009 ). Thus, assembly and recycling of the autophagic membrane scaffold seem to be mutually exclusive and competitive processes.
EXPERIMENTAL PROCEDURES Preparation of Giant Unilamellar Vesicles
Lipid mixtures consisting of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC; 40 mol%), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS; 20 mol%), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE; 16:0-18:1 PE, 20 mol%), cholesterol (20 mol%), and lissamine-rhodamine-PE (0.1 mol%) were prepared. A thin, homogeneous lipid film (5 mg total lipid) was prepared on indium-tin oxide-covered glass slides and dried overnight under vacuum. Two plates were placed into a self-made Teflon chamber, and electroformation was carried out by applying an electric AC field (1V, 10 Hz) for 4 hr at 30 C. The GUVs were harvested after cooling down to room temperature and used immediately.
Reconstitution of the Atg8-Conjugation Reaction Atg8 was conjugated to GUVs by preincubating Atg8DR117 or its labeled variants with Atg7 and Atg3 at a molar ratio of 2:1:1 in the presence of 0.5 mM ATP Mg 2+ for 30 min at 30 C. After addition of Atg12-Atg5 or Atg12-Atg5-Atg16
(molar ratio Atg8:Atg12-Atg5 = 4:1), 100 ml of the mix was incubated with 100 ml GUV suspension in an observation chamber (Lab-Tek).
Combined Atomic Force Microscopy and Confocal Microscopy
SLBs were prepared by deposition and fusion of small unilamellar vesicles (SUVs). Atg7, Atg3, Atg8, dithiothreitol (DTT), and ATP were incubated at 30 C for 10 min and mixed with Atg12-Atg5-Atg16. The mix was added to SLBs and incubated for 15 min. Combined atomic force and confocal microscopy was performed on a JPK Instruments Nanowizard III BioAFM mounted to a Zeiss LSM510 Meta laserscanning microscope. Intermittent-contact AFM imaging was performed using BioLever Mini BL-AC40TS-C2 cantilevers (Olympus) with typical spring constants of 0.09-0.1 N/m. The scan rate was set to 0.8 Hz, the set point close to 0.85 V, resolution to 512 3 512 pixels, and the cantilever oscillation frequency between 18 and 25 kHz.
Yeast Strains and Growth Conditions
The strains used in this study are derivatives of BY4741 (Euroscarf). Plasmids for ectopic expression of Atg12 and Atg16 variants were produced by subcloning of atg12, atg12 mutants, atg16, and atg16 mutants into the pTL58 vector (CEN LEU2 pAbp140). The plasmids were transformed into corresponding atg12D, GFP-atg8 atg12D, atg8 K26P atg12D, GFP-atg8 K26P atg12D, atg16D, or GFP-atg8 atg16D strains. All strains were grown in synthetic media (0.67% yeast nitrogen base, 2% glucose, amino acids) at 30 C to log phase (optical density at 600 nm [OD 600nm ] between 0.6 and 0.8). Autophagy was induced by addition of rapamycin (0.2 mg/ml, Sigma) or by starvation. For Atg8-PE detection in western blots, phenylmethanesulfonylfluoride (PMSF) (0.1 mM, AppliChem) was added before inducing autophagy.
Yeast Cell Extract Preparation and Immunoblotting
Protein extracts were prepared by resuspending harvested cells (1 OD 600nm ) in 100 ml 0.2 M NaOH and 0.2 M DTT and incubating on ice for 15 min, precipitating by adding 10% trichloroacetic acid (TCA) followed by 15 min incubation on ice, and centrifuging for 5 min at 15,000 3 g. The pellet was washed with 1 ml ice-cold acetone, dried, and resuspended in SDS loading buffer. Samples were separated on 13.5% urea-SDS-polyacrylamide gels as described previously Otomo et al., 2013) prior to immunoblotting against Atg8. Additional information is available in the Extended Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, seven figures, and seven movies and can be found with this article online at http://dx. doi.org/10.1016/j.cell.2013.12.022.
